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Grazing incidence x-ray reflectivity measurements are used to determine the density of
sputter-deposited LaAlQand anodized LaAl films. Together with refractive index and dielectric
constant measurements, it is demonstrated that a coherent picture emerges explaining the low
dielectric constant of the amorphous filfrs13) as compared to the single-crystal va(ue26). The
importance of molecular volume dependence of the electronic and vibrational molecular
polarizabilities is underlined. @004 American Institute of Physid®OI: 10.1063/1.1808905

I. INTRODUCTION via grain boundari€sshould be absent. Preliminary measure-
ments on amorphous deposited fiﬁ’ﬁassuggest that direct
Despite substantial research into high dielectric constankakage currents are, in fact, extremely |@at least for
oxides to replace SiQas the metal-oxide-semiconductor amorphous filmp at typical operational electric fields
field-effect transisto(MOSFET) gate insulator, nothing has (~1 MV cm™) and electrical barrier heights are large
emerged as a medium to long term solution. Some of th@nough to minimize carrier injection from the valence or
primary requirements for this application a@ dielectric  conduction bands of the Si substrate. There is, however, sig-
constant(k) ~ 25 or greater(b) high electrical barrier height nificant confusion over the value of the dielectric constant of
with respect to the Si substrate and the gate electrode matghese films. LaAlQ and LaAIQN, amorphous films have
rial, (c) thermodynamic stability with respect to Si during been deposited by pulsed laser deposftfofiaser ablation
process steps such as implanted dopant activétid®00°C  onto Si substraté$ and Pt films’ In the case of Si sub-
for short times, (d) low leakage currents, ar(@) low density  strates, film/substrate interaction was evidenced, leading to
of states at the dielectric/ Si interface. Unfortunately, the didielectric constanfs ~4.9, in the Pt casek~ 25-27 is
electric constant is, in general, inversely proportional to theyuoted’ Electron-beam evaporation methods have also been
insulator band gdpso that achieving a higkvalue to satisfy  used® in which the films were deposited onto heated Si sub-
() may be detrimental fotb). A careful study of thermo-  strates(temperatures up to 8009@nd values ok~ 21-25
dynamic compatibility of various single and binary oxide quoted. This result is surprising since for the same range of
systems reveals that there is, in fact, a significant number ofubstrate temperatures, the data in Refs. 7 and 8 show clear
oxides which exist that satisfgc). The use of non-Si-based evidence for significant film/substrate interaction under these
dielectrics implies either a direct film deposition or oxidation conditions in the form of an unidentified interfacial layer
of a deposited metal, both of these techniques are welind, correspondingly, a reduced dielectric constant. Similar
known to result in films having defect-related conductivitiesconclusions are arrived at from annealing studies presented
(primarily via the Poole-Frenkel mechanigmwhich are usu-  in Ref. 4. Furthermore, attemftto reproduce the electron-
ally substantially higher than one observes in thermallypeam-evaporated film experiments of Refs. 5 and 6 resulted
grown SiQ on Si. Finally, if crystallization of the film oc- in low dielectric constant values and evidence in the remnant
curs during postdeposition, high-temperature processing séarget materiaisingle-crystal LaAlQ) of preferential evapo-
quence substantial electrical leakage along grain boundarigstion in the form of blackened areas, where the electron
may occur. Both defect-related conductivity and grain-beam had impacted. Such preferential evaporation is not un-
boundary leakagemay be critical. usual in mixed oxides since one cannot assume that all the
Of all the oxide systems studied so far, LaAl@ppears components evaporate at the same rate from the molten tar-
very promising. It is predicted that there is thermodynamicget.
stability2 with respect to Si and the dielectric constant, for Fina”y, films deposited by Sputtering from stoichio-
Single CryStalS, is~26. Furthermore, it is antiCipated that metric LaA|Q targets at room temperatdrnto Si sub-
deposited films may remain amorphous even in the presencgrates resulted in dielectric constants in the range 11-13.
of a relatively high-temperature processimyfact, probably  Other sputtering resuftsield a value ofk~ 8.1 although in
to 800-850°Q so that potential sources of leakage currentihis case, a 750°C annealing was performed and, again, this
has been demonstrated to result in a measurable film/
¥Electronic mail: devine@chtm.unm.edu substrate interactioh.
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In the work reported here, we have performed a series ofvas again adjusted to give a target bias potentiall40 V,
measurements to try to clarify the situation regarding thewhich was calculated to yield stoichiometric sputtering. Fol-
dielectric constant of amorphous LaAJOn particular, we lowing deposition, the @plasma was established in the re-
have performed a sequence of measurements which shouddtor (pressure~10 mTorn using a microwave excitation
enable us to clearly demonstrate the consistency betwecﬂystenjll and the substrate biased negatively dc. A constant
such parameters as film density, dielectric constant, and relc mode of anodization was adopted with the totalabd
fractive index. To this avail we have produced thin films of electronic current density being-1.2 mA cni?. LaAlO,
LaAlO; via three routes, sputtering of a stoichiometric films ~80-nm thick were obtained in 8 min. The refractive
LaAlO; target, sputtering of stoichiometrc LaAl followed by indices of these films varied slightly from 1.65 to 1.92. In the
anodic oxidation in an @plasma, and sputtering of LaAl former case, we confirmed by Fourier transform infrared
followed by a recrystallization annealing then a thermal oxi-(FTIR) spectroscopy that the LaAl film had been completely
dation at 700°C. The results of measurements on thesanodized and a thin SiOanodic layer had formed at the

samples are presented in the following. LaAlO/Si interface. The higher index value corresponded to

samples where no evidence was found for an interfacial oxi-
II. EXPERIMENT dation. X-ray diffraction and FTIR were used to confirm that
A. Sputtered LaAIO 5 the anodized films were amorphous.

Samples were prepared by radio frequedy sputter-
ing of a stoichiometric LaAl@target onto room temperature C. Thermal oxidation
3-50 cm Si wafers. The wafers were rinsed in hydrofluoric
acid and blown dry prior to installation in the plasma reactor.
During deposition, the chamber pressure was 10 mTorr an
the gas flow rates wer@vr) 75 (cubic centimeters per minute
at STB SCCM and(O,) 5 SCCM. The 13.56 MHz power
used with the TORUS 2 source was typically 60 W, this
provided a target bias potential-140 V suitable for essen-
tially stoichiometric sputtering of the target materiat least
in terms of the La and Al sputteringThe appropriate bias
potential was determined by sputtering calculatiomsm™®).
The use of a partial atmosphere of Ensured compensation
for any oxygen loss from the target during the sputterin
process. Deposition rates werel.4 nm mint and typical
final film thicknesses were up t6112.0 nm, as determined

Thick LaAl films ~0.5 um were deposited, as men-
goned previously, but this time, the substrates were 4-in. Si
wafers coated with a 370-nm-thick film of $8i, (plasma-
enhanced chemical-vapor deposjteSince the objective of
the experiment was to study thermal oxidation, theNgi
was used to remove contact between the LaAl and so avoid a
possible interaction during the high-temperature oxidation
process. The films were subsequently annealed in a tube fur-
nace in flowing N at 400°C for 30 min in order to recrys-
tallize the LaAl. The furnace was then heated to 700°C and
the polycrystalline film was oxidized for 30 min in flowing
902. The amorphicity of the films was again confirmed by

FTIR. However, refractive index measurements were not
) . k ossible on these films because of the extreme roughness of
by ellipsometric measurement at a single wavelengt

. . he str res resulting from the recr llization of the LaAl
(632.8 nm and confirmed by mechanical stylus measure- e structures resulting from the recrystaliization of the LaA

film. The roughness resulted in an exaggerated diffusion of

ment(a-step. Some_ films were obtame@ using a rf_ Sub.Str""telight in the ellipsometer, which rendered the measurement
bias to produce an ion-assisted deposition effect, in this cas

voltage levels were between92 and —100 V. Larger biases eaningless. It is_important to nqte, however, that the oxide
were found to produce simultaneous sputte.ring/deposition o?c th_e pon(_:rystaIIme metal alloy is amorphous even though
the films. Film composition was confirmed by using x-ray elatively high tempgratures were used. .

' : . . In order to obtain an estimate of the density of the de-
fluorescence and comparison with a single-crystal standar

using correction for beam energy and film thickness effects osited films, grazing incidence x-ray reflectivity was mea-
g ay sured using a Philips X’pert double-crystal diffractometer

One sample was analyzed using profiling x-ray photoelectro%nd Cu K,; radiation together with a 0.45-mm receiving slit.

spectroscopy to confirm the fluorescence resuit. The refracl—_he experimental reflectivity curves were fitted using the

tive index and thickness of the deposited films was measure\siim\lelxA software provided by the PANalytical company,
using a monochromatit =632.8 nn ellipsometer, as was Various different samples were analyzed in this manner in

che r;fractwéa |nde_>t< of f'f:hbm:(’ S'Qgtle tcrysltalsrll_a&(@ampf. order to determine the film density. Measurements were pos-
or the as-depositevithout substrate bigsiilms, we ob- sible for the anodized LaAl films and the sputtered stoichio-

tainedn~1.78 and for the single crystal,~2.01. The films LaAlO, films but not for the thermal oxide, again,
depqsﬂed W']Eh sgbst'r a;e blasle., W'ftq lon a?sEtla nlc)ehad ‘1 because of the extreme roughness. The dielectric constant of
tmhlezr:girgs;e(jr\?gmvee index value of 1.83, slightly larger t ANihe as-deposited films was obtained by performing capaci-
' tance voltage(C—V) measurements using a Keithley 590

system at a frequency of 100 kHz on MOS capacitors
formed by depositing 0.0078 &l dots on the film surface.

A stoichiometric LaAl target was used with the TORUS Typical accumulation capacitance of the MOS capacitors
2 sputtering system mentioned above. Identical substratgelded maximum values dé~ 13, consistent with the pre-
preparation steps were used and film thicknesses up taous work? This maximum value was observed for both the
~0.1 um were deposited at a rate3.3 nm min' using a  sputtered LaAlQ and the anodized LaAl. Note that great
chamber pressure of 10 mTorr of Ar. The sputtering poweicare was taken to reduce the series resistance of the MOS

B. Anodic oxidized LaAl
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Vge (V) FIG. 2. Grazing incidence x-ray reflectivity sign@h countg as a function

of twice the angle of beam incidencé26) in nominally 71.8-
nm-thick, sputtered, amorphous LaAl@Ims. The density of the film de-

FIG. 1. Capacitance/gate electrode to substrate voltsige curves mea-  termined from these measurements is 4.2+0.5 gicithe upper displaced
sured at 100 kHz on MOS capacitors fromed on 115-nm-thick films of cyrye is the fit obtained using thencixa software package.

amorphous LaAl@ deposited by sputtering. The films were annealed at
400°C for 30 min in N postdeposition.(----) subjected an electric of

-1 MV cm™ for 10 min before sweeping from negative to positive voltage and for the anodized LaAl. 8.7-13. Note also that the
(—) subjected to an electric field of 1 MV cthfor 10 min before sweeping ’ . ~
from positive to negative voltages. §amples used to gehera}te the curves of Flg.. 1 were not sub
jected to postmetallization anneals in forming gas, so that
some stretch-out and structure is present in@Gh&/ curves

gapam;or tstructutr_es Ln tf? rder 1o rglnlmlze_t frequelncy-a sociated with interface states at the film/substrate interface.
ependent corrections fo the measured capaciiance Valuesmilis syretch-out was also present in the anodized LaAl film,

must be underlined that capacitance-voltage measurements - \vould expect. In the case of sputtered LaAlO

leading to an estimation of the dielectric constant were nogamples deposited using ion assistafi@, using substrate
possible for the case of the thermally oxidized LaAl films. As bias, very large negative flat-band voIta(_:;e shifts were mea-

for the fr(tar:ractlve |r;d|?x rgetﬁsurem%r_]ts,dt?:a exFr(Ie(;nZ rougdi:req. Annealing these samples at 400°C for 30 min resulted
ness ol he recrystafize en oxidized Tim yielded a S€5, a5 evident substrate/film interaction and very distorted
verely distorted curve. Infrared absorption in the films was

C-V curves. We were unable to use these curves to deter-
mth ta rﬁs_olutmn of 4 le.t;al\s tmentl(;_nedﬂp:reV|0uslyr,] with dielectric constant. It can be concluded from this that ion-
IS technique, we were able 1o confirm the amorphous Nayqq;qie deposition developed damage at the film/substrate

ture of the LaAlQ films a_nd__further demonstrqte the_i terface, which enhanced the probability of intermixing dur-
absence/presence of any significant amount of mterfaualﬂg the annealing process

SiO;. In Fig. 2, we show a typical example of the experimental
grazing incidence x-ray curve as a function dof #r sput-

lIl. RESULTS AND ANALYSIS tered LaAlQ films deposited without an ion assistance.

A. The dielectric constant, refractive index, From the frequency of oscillation of the Kiessig fringes, we

and density relationship deduce that the film thickness is 71.8 nm, acceptably close to

i . the value determined from the ellipsometry measurement.
We first consider the results of tf@&-V measurements. The critical angle e, is defined as the angle where the de-

Both as-deposited, zero-substrate bias films, and anodizgdteq number of reflected counts falls to 1/2 the maximum
LaAl films showed significant negative flat-band voltage, 5 e. This is related to the film density throdgh
shifts® consistent with the presence of trapped positive

charge. This charge probably resulted from the radiation 0%/2=5=4.1516>< 10‘4(p/|\/|E2)Eijlj, (1)
present during the plasma sputtering of the Lapkarget

and in the Q plasma used for anodization of the LaAl. An- where the sum is over the different concentrations of the
neals were carried out on both types of samples at 400°C faglements in the film(c;) and fy; are the associated atomic
30 min in flowing N, to reduce the level of trapped charge. scattering factorsp is the density of the filmM is the mo-
Typical C-V curves resulting from annealed, sputteredlecular weight, andg is the energy of the x rayshere,
LaAlO; samples are presented in Fig. 1. They were gener8.042 ke\j. From the value off. determined from the fit
ated by first applying a bias electric field of 1 MV cm shown in Fig. 2, for example, we ascertgirF4.2 g cm?,

(-1 MV cm™) for a period of 10 min then sweeping the this value is to be compared with the known single-crystal
voltage from positive(negative to negative(positive. A value ofp=6.51 g cm>. Similar values for the density were
hysteresis~—0.74 V is evident, which is consistent with the found for the anodic oxide samples. Note that in Fig. 2, we
presence of some mobile, positively charged species in thehow the fit curve obtained using thenGIxA software; this
annealed film. We underline the fact that the dielectric con-curve is simply displaced to avoid confusion and to enable
stant of the sputtered LaAlCfilms was in the range 11-13 the reader to clearly see the quality of the fit in terms of the
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frequency of the oscillation, slope of the curve, etc. The
value of 6; is dependent upon the x-ray energy and the ac-
curacy of alignment of the sampleAlthough we were un-

able to measuré. as a function of incident x-ray beam
energy, we can use the data presented in Ref. 14 to set some
upper limits on the precision of the density value; these are
+0.3 g cm®. It is possible that our measurements are more
precise, but in the absence of the variable energy data, we
cannot advance any estimate.

8
T

Dielectric constant, k
] [

The question arises as to whether or not the sputtered o . . . ‘ . (a).
LaAlO; films may be porous, giving rise to the lower density 000 005 0.10 0.15 020 025
value. We note first than the film refractive index is directly (crgy *+ i)V
related to its densityEq. (2)] and that for our samples de- 28
posited with and without a substrate bias, the refractive indi- 261
ces are close. It is generally assumed that one of the roles of 24l
substrate bias is to ion-assist the deposition of the film and ~ _ 1
that this usually leads to a more densified form. Since there  »
is little difference in our case, this may support the hypoth- é 2or
esis that our films are already densified, i.e., not porous. Sec- 2 8
ondly, we have performed measurements on anodized LaAl. E 16
Not only are the refractive indices obtained very close to the £ 14}
sputtered LaAlQ values but so are the dielectric constant 12}
and density. It is known from the anodization experimiasnts 10} (b)
on Si that anodic oxides are not usually porous and that they 000 002 004 006 008 010 012 044 016 018
are even denser, sometimes, than their thermal counterparts. A
It is therefore a reasonable assumption that the sputtered
LaAlO; and anodized LaAl films are not porous. FIG. 3. (a) Variation of the dielectric constari, with (ag+ ayp)/Vy, from

From the density values for the single crystal and forthe Clausius-Mossotti equation. The filled circles indicate the experimental
the amorphous films shown in Fig. 2, we can deduce theoints corresponding t&=13 andk=26. (b) Variation of the refractive
molecular volumesY,(crysta) =54.45 R andV. (amorph) index, n, with ag/V,, from the Lorentz-Lorenz equation. The filled circles
_ 3 m y ’ [ MmAT P represent the experimental points for the refractive index determined at a
—84-516. . The density of the amorphous films is the'j(aforewavelength of 632.8 nm in the sputtered films and the open squares are the
substantially less than that of the single-crystal material andoints corresponding to the range of single-crystal values.
this alone is probably the primary cause for the lower dielec-
tric constant, as will be demonstrated. The increased molecu- (k- 1)/(k + 2) = A+ ayip)l(3 Vi) (3)
lar volume (decreased densityof the amorphous phase of _ _

LaAlO; as compared to the single-crystal value may notHere_% is the el_ectronlc component of the molecular polar-
be surprising. Magic angle spinning nuclear magneticzability and a;, is the polarizability component usually as-
resonance measuremelﬁtgn amorphous and Crysta”ized sociated with vibrational motion of the netwojr?(The equa-
bulk LaAlO; show clear evidence for the fact that in the tions presented clearly indicate that the refractive index and
amorphous phase, the Al atoms are fourfold coordinated witldlielectric constant are both sensitive to the molecular volume
oxygens. In the crystalline phase, coordination increases to 6and hence, the densjtand the increased molecular volume
Such an increased coordination can lead to more efficierffower density will result in smaller values of both andk.
network packing and enhanced denﬁgyna”er molecular Therefore, our density, refractive indeX, and dielectric con-
volume), this has been clearly demonstrated through calcustant data are consistent with the amorphous films having a
lations for the case of Z8i,_,O, ternary oxided’ Experi- ~ much lower density than the crystalline phase, and this is a
mentally, one can appeal to the example of Siolymorphs ~ fundamental result of the present study.

where for the fourfold coordinated amorphous phase, . o S

the density is typically 2.21 g ctd whilst for the sixfold B- The electronic and vibrational polarizabilities

coordinated stishovite phase, the density increases t0 prom Eqs(2) and(3), one can produce unique plotsrof
4-4.4 g cm®. Unfortunately, to our knowledge, density as a function ofay/V,, and k as a function of (ag
measqrements on the bulk amorphous phase of LaAl® +ayp)/Vyy; these are shown in Figs(8@ and 3b). In Figs.
not exist. , , o 3(a) and 3b), we indicate the crystalline and amorphous val-
The values of the dielectric constant, refractive index, g of (g + ayip) IV, and ag/V,, deduced using the experi-
and molecular volumes are not arbitrary. According to theqantal values ok andn for the deposited and anodic films

Lorentz-Lorenz equatidf and single crystals. For simplicity, we take the dielectric con-
stant to be 13 for the amorphous films, the maximum value
(N2 = D/(n? + 2) = 4mrag/(3 Vyy), (20 we have measured. It should be noted here that although
some highk crystals are relatively anisotropic, this is not the
whilst from the Clausius-Mossotti relationship casé® for LaAlO;, so we make negligible error in taking a
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TABLE I. The electronic(a,) and vibrational moleculafa,,) polarizabil- 3.00
ities for LaAlO; films and single crystal deduced from refractive index and 205
dielectric constant measurements. The molecular voligefor the amor-
phous films was determined by grazing incidence x-ray reflectivity measure- 2%+
ment. 285
o~ 280}
Structure aq [A%] (agtayp) [A%] ayp [A%] V,[AT] %, 2750
Crystal (6.53-6.88 11.61 (5.1-4.73  54.45 270}
Amorph.  (8.3-8.8+0.6 16.14£1.1 7.59+2.0  84.5:6 2651
260 |-

i P . 255 L L L L L
unique value. Note that in Fig(l3), we include a range of 25 30 35 40 45
values for the crystalline phase corresponding both to our Molecular Volume (A%)
measurements and those of the otﬁér@sing these known
dielectric constants, refractive indices, and molecular vol- 24k
umes, we can deduce the associated polarizabilities; these are
given in Table I. One observes, as expected, that (ay 22}
+ayp) and that, in generaly, and (ag+ a,) are smaller in
the crystalline phase than in the amorphous state. g20r

The polarizability data shown in Table | indicate that, in g
general, both the electronic and vibrational polarizability 18}
terms decrease as the molecular volume decreases. The (b)
variation of the polarizability with molecular volume has 1er
been the subject of various publications. For example, a de- T I R TR
tailed analysi€’ of the structure and pressure dependence of Molecular Volume (&%)

the electronic polarizabilitypg, in four and eight coordi-

nated MgO clearly evidences the fact that this term increasesg. s. (a) variation of the electronic component of the polarizability of

as the molecular volume increases, as indeed we observe fpslymorphs of SiQ as a function of molecular volume, as determined from

LaAlO, in Table I. Further evidence for volume-dependentthe" refractive indices(b) Variation of the vibrational component of the
ffect 8 £ th ts of the dielectri olarizability of three phases of SjOamorphousa-quartz, and stishovite,

efiects comes r_om € measulrem.en S0 € dIeleclriC COrLy yetermined from their dielectric constants.

stant as a function of volume in single-crystal LaAlVe

show the data obtained for the temperature dependence of

the molecular volunfé and dielectric constafitin Fig. 4.  various amorphous and crystalline phases. Clearly,in-

For simplicity, we represent the data in the form of a plot ofcreases as the molecular volume increases. Similarly, in Fig.

(ae* ayip) VersusVy,. Since volume-dependent refractive in- 5(b), we show the data fofag+ay,) as a function of mo-

dex data do not exist for this material, we cannot extract théecular volume. In this case, experimental values for the di-

individual molecular volume dependence of, and ;.  €lectric constants were only available for amorphous,SiO

However, it is clear form Fig. 4 that the polarizability in- and a-quartz. The data used to estimate the valud®f

creases with molecular volume in this material. +a,p) for stishovite were taken from calculations.

Similar analysis and conclusions can be reached by ex- Itis clear, therefore, that one should not neglect possible
amining the refractive indices of the Sj(i)olymorphs":5 as variations in the electronic and/or vibrational components of
shown in Fig. 5. In Fig. &), we show the electronic polar- the overall polarizability as a function of the molecular vol-
izabilities estimated from the measured refractive indices ofime. In the oxide additivity modéf, the dielectric constant

of a complex oxide can be expressed as a sum of the contri-

butions from the individual molecules through the weighted
11601 C;po sum of their polarizabilities
1158+ 00&9
D o1se o (ag+ ayip) =C(ag + ayip)
E SO (o) el Vib/M M 0g.p el vib/M,Og
er'f 1154} +(1-0)(ag+ avib)MQOP! (4)
2 nsl
150l wherec is the effective concentration of MDg molecules
| and (1-c) is the concentration of MOp molecules. It is a
1148} tacit assumption of the additivity model that as the concen-
547 B3 544 545 546 tration is changed, the only variable is the molecular volume
3 of the composite molecule MMqOg.p. The data presented
Molecular Volume (A”)

in Table | for the case of our LaAlDoxides clearly show

FIG. 4. Variation of the total molecular polarizabilityr+ a;,) with mo- that invariance of ag+ay;p) With change in molecular vol-
lecular volumeV,, in single crystals of LaAlQ ume cannot be assumed.
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